Abstract Single-gallium antimonide (GaSb)-nanowirebased photodetectors were fabricated on both rigid SiO 2 /Si substrate and flexible polyethylene terephthalate (PET) substrates, both of which exhibited high responsivity, fastresponse, and long-term stability in photoswitching over a broad spectral range from ultraviolet to near infrared. Besides, the as-fabricated rigid device exhibited high responsivity of 7,350 A/W under illumination of k = 350 nm and light intensity P = 0.2 mW/cm 2 , while the flexible device displays higher detectivity of 9.67 9 10 9 jones at 700 nm than the rigid one and lower noise equivalent power (NEP, NEP Ã 700 nm = 2.0 9 10 -12 W/Hz 1/2 ) for the much lower dark current on PET. The high responsivity, broad spectral detection from ultraviolet to near-infrared and long-term stability make GaSb nanowire one of the most important candidates to construct advanced optical sensors or other optoelectronic devices.
Introduction
With high aspect ratio and large surface-to-volume ratio which facilitate electron transport, one-dimensional (1D) semiconducting nanostructures have attracted great research interests in both basic scientific research and potential technological applications. They are expected to play important roles as both interconnects and the key basic units of the next-generation nanoscale electronic and optoelectronic devices. Photoconductivity is an optical and electrical phenomenon in which the electrical conductivity changes due to the absorption of incident radiation. It is one of the most important features of semiconducting nanostructures and photodetectors have a wide range of applications in industry such as optical imaging and sensing, environmental monitoring, flame sensing, chemical/ bio agent sensing, and early rocket plume detection [1] [2] [3] [4] [5] . 1D semiconducting nanostructures are a good group of candidates for photodetectors, which usually show superior performance than bulk materials, such as faster response speed and better responsivity, due to their special geometry and intrinsic structural related properties [6] [7] [8] [9] [10] .
As one of the important III/V compound semiconductor material, gallium antimonide (GaSb) has attracted considerable attention as potential building blocks for a variety of optical and electronic components, such as infrared imaging device, thermoelectric sensor, and high-speed electronics, especially photodetectors [11] [12] [13] [14] . Although GaSbbased photodetectors usually exhibited photoconduction features, till now, most of the GaSb-based photodetectors are built on either bulk materials, thin films or nanostructured superlattice. In order to satisfy some special demands, designing devices with small size, geometry, or excellent flexibility becomes very important issues. Therefore, it is necessary to fabricate high-performance photodetectors with 1D GaSb nanostructures as the active materials either with small size and high-compact integration or on flexible substrates.
In this paper, we reported the successful fabrication of single-GaSb-nanowire (NW)-based photodetectors on both rigid Si/SiO 2 substrate and flexible polyethylene terephthalate (PET) substrate. Single crystalline GaSb NWs used for device fabrication were grown via the chemical vapor deposition (CVD) method, which was much simpler and cheaper than previously reported methods, such as metal organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), or metal organic vapor phase epitaxy (MOVPE) [15] [16] [17] . Single-NW field-effect transistors were first fabricated, which exhibited typical p-type transistor characteristic. Photodetectors were then fabricated on both rigid and flexible substrates, which exhibited high responsivity, fast response, and long-term stability in photoswitching over a broad spectral range from ultraviolet to near infrared.
Experimental

Synthesis and characterizations of GaSb NWs
GaSb NWs were synthesized in a horizontal tube furnace by a CVD method. GaSb powders and activated carbon powders as the source were placed at the center-heating zone of the furnace. Pre-cleaned commercial p-type silicon (100) wafers were coated with a thin layer of gold nanoparticles and used as the substrates. Pure N 2 was flowed through the growth chamber at the full-scale range for 30 min and then maintained at the rate of 80 sccm (sccm: cm 3 /min). In the meantime, temperature was increased to 900°C and maintained at this temperature for 2 h. Once cooled, a layer of black NWs film was found on the Si wafer. The as-synthesized product was collected for characterizations by field-emission scanning electron microscopy (SEM) equipped with an energy-dispersive X-ray spectrometer (S4800, Hitachi, Japan) and high-resolution transmission electron microscopy (HRTEM, JEM-2100F, JEOL, Japan).
Fabrication of GaSb NW-based photodetectors
The as-grown products were removed by sonication from the Si wafer and subsequently dispersed in absolute alcohol, which were then dropped on a thermally oxidized Si substrate covered with a 300 nm SiO 2 layer and flexible PET substrate. The Ni/Au (10/70 nm) electrodes were patterned on top of the NWs using conventional photolithography, thermal evaporation, and a liftoff process. The electric and photoresponse properties of the devices were measured using a four-probe station connected to a semiconductor characterization system (Keithley 4200-SCS, USA). All measurements were performed in air and at room temperature. Figure 1a shows the SEM image of the as-synthesized GaSb products. It was clearly seen that uniform NWs with lengths up to hundreds of micrometers were deposited on the substrate on a large scale. The crystallographic phase of the as-grown GaSb NWs was determined by X-ray diffraction (XRD), as shown in Fig. S1 (online). The XRD pattern could be easily indexed to a cubic structure with the lattice constants of a = 6.095 Å (JCPDS:7-215).
Results and discussion
The morphology of the GaSb NWs was characterized by TEM. Figure 1b To explore the electrical properties of the GaSb NWs, field-effect transistors (FETs) were fabricated on a Si/SiO 2 (300 nm) substrate. Figure 2a shows the drain current (I drain ) versus source-drain voltage (V drain ) measured at various gate voltages (V gate ) ranging from -20 to 20 V. A schematic illustration of the single-NW device is shown in the inset. Figure 2b shows the gate characteristics of the device. From the I drain -V gate curve, we could see that for a given V drain , I drain decreased with increased V gate , which indicated a typical p-type characteristic. Due to the native acceptor defects associated with gallium vacancies (V Ga ) and gallium in antimony site (Ga Sb ) in GaSb NWs, the conduction carriers in unintentionally doped GaSb NWs are usually of p-type irrespective of growth techniques and conditions [18, 19] . Moreover, we calculated the electron mobility by Eqs. (1), (2):
here, the channel length L was *60 lm, e 0 was the vacuum dielectric constant, e r was the relative dielectric constant of SiO 2 , h was the thickness of the dielectric SiO 2 layer, and the NW device transconductance g m was *50 nS. C g was the back-gate capacitance which could be deduced by Eq. (1), estimated to be 3.4 9 10 -15 F. The calculated carrier mobility l e was *0.1 cm 2 /(V s). From the slope of the current-voltage (I-V) characteristics (V gate = 0 V), a resistivity of around 0.0471 Xm was calculated, which was *10 3 times lower than previous results reported in the literatures [15, 16] .
To investigate the photoresponse of the as-grown GaSb NWs, single-GaSb-NW-based photodetectors were arranged in an array and fabricated on a Si/SiO 2 substrate, which were exposed to a monochromatic beam split by a monochromator (Fig. 3a) . Figure 3b shows the SEM image of a single device with an electrode separation of *10 lm. Figure 3c shows the I-V curves measured under dark conditions as well as upon 350 nm light from 96 to 372 lW/cm 2 . Obviously, at identical voltage, the photocurrent increases with increased light intensity. The inset indicates that the photocurrent versus light intensity curves measured at a voltage of 2 V. The dependence relation was often expressed by a power law, I PD ¼ kP b , where I PD was the photocurrent, P was the optical power, k was a proportionality constant and b was an empirical value. The result was I PD ¼ 8:92P 0:35 , which fits well from the curve. Figure 3d depicts the photoresponse switching behavior of the single-GaSb-NW photodetector measured by periodically turning the 350 and 400 nm lights on and off, respectively. When illuminated upon 350 nm light with a light intensity of 150 lW/cm 2 at a bias of 1 V, relatively longer response and relaxation times (*2.5 and *15 s) than 700 nm light (*80 and *90 ms) were observed, which was called persistent photoconductivity (PPC). In the photon excitation process, high-energy ultraviolet (UV) photons excited charge carriers to higher energy states and subsequently leaded to a time-consuming relaxation period. It had been demonstrated that high photoconductive gain was often accompanied by a slow response time [20, 21] .
The GaSb NWs with a narrow direct band gap (0.7 eV) could also respond to visible light in principle. Figure 3e , g depicted that the device shows response to both white and red light. Similarly, from the insets, the photocurrent of white and red light have strong light intensity dependence Figure 3f , h shows the stable switching characteristics of the photocurrent of white and red light irradiation versus time, respectively. Table 1 shows a relatively fast response speed under white and red light, which attributes to the high crystal quality of the GaSb NWs. Furthermore, we found that the faster response speed under monochromatic visible light than under the white light, which might be explained to the better coherence of the monochromatic light.
The spectral response of the single-GaSb-NW photodetectors was then carried out upon light illumination at different wavelengths. Figure 4a is the typical I-V curves obtained when the device is exposed to lights with different wavelengths ranging from 350 to 800 nm. Strong wavelength selectivity was found for the current device, as could be seen from the figure. Photon-induced currents decreases gradually as the incident light wavelength changes from 350 to 700 nm, which is similar to the previously reported Cd 3 P 2 NWs [22] . This is caused by the fact that the incident photons with lower energy cannot excite enough hole-electron pairs, in coincident with the band theory [23] . Then, photocurrent increases at infrared light (800 nm) illumination, which indicates the device is sensitive to infrared light, in good agreement with previously reported data [19] . Figure 4b shows the photocurrent histogram corresponding to the curves in Fig. 4a . The applied voltage was 2 V and the incident light was 300 lW/cm 2 . Using these data, we could easily calculate the corresponding spectral responsivity, external quantum efficiency, and detectivity, which were shown in Fig. 4c, d , respectively. The responsivity measured the input-output gain of a detector system. In the specific case of a photodetector, responsivity measures the electrical output per optical input. The external quantum efficiency defined the number of carriers circulating through a photodetector per absorbed photon and per unit time, which was a key parameter to evaluate the sensitivity of a photodetector [21] . In addition, specific detectivity for a photodetector was a figure of merit used to characterize performance. Here, we used the equations as follow [24] :
where R k was the responsivity, I photo was the photocurrent, I dark was the dark current, EQE was external quantum efficiency, h, c, e were the constants, D Ã was detectivity, and S was the effective illuminated area. In UV region (350 nm), the calculated R k , EQE and D Ã were 7,350 A/W, 26,000 and 5 9 10 10 jones, respectively. In addition, the GaSb-NW-based photodetector put up a good performance in infrared region (800 nm), whose R k , EQE and D Ã were 443.3 A/W, 688.4 % and 2.86 9 10 9 jones, respectively. Flexible electronics have gained extensive attention because of the attractive properties of flexible devices such as biocompatibility, flexibility, light weight, shock resistance, softness as well as potential applications in future wearable devices, paper displays, sensors, detectors and sustainable energy devices [25] [26] [27] [28] [29] . To evaluate the potential of the GaSb NWs for application in flexible electronics, flexible photodetectors were then fabricated on PET substrate. Figure 5a , b shows the model diagram and SEM image of the flexible photodetector, respectively. The Fig. 5c . The inset indicates the good dependence relation between photocurrent and light intensity, which was calculated to be I PD ¼ 0:33P 0:74 . Compared to the device on rigid Si/SiO 2 substrate, the photocurrent and dark current of the flexible device declined a little, which was possibly due to the existence of hydroxyl groups or other structural defects at the PET interface which could trap photo-excited charges and impede the photocurrent in GaSb [24] . Figure 5d depicts the corresponding photoresponse switching behavior of the flexible device by periodically turning the 350 nm light on and off. The calculated responsivity, external quantum efficiency, and detectivity of the flexible device were 3,690 A/W, 13,098 and 1.945 9 10 11 jones, respectively. Although the responsivity and external quantum efficiency of the flexible device were lower than the rigid one, the detectivity of the flexible device was two times higher.
Photoresponse properties of the flexible device to lights with different lengths were also studied by illuminating the device with white light, 600 and 700 nm lights, and the corresponding results were demonstrated in Fig. 5e for white light and 600 nm, respectively. Figure 5h shows the photocurrent versus time curves of the flexible device to 700 nm light irradiation. The responsivity, external quantum efficiency and detectivity were calculated to be 234 A/W, 415 and 9.67 9 10 9 jones, respectively. In addition, noise equivalent power (NEP) was also calculated, which actually reflected the lowest optical power that a photodetector could respond to when the signal-to-noise ratio was 1. NEP of the flexible device to 700 nm light could be estimated as 4. 95 9 ). The electrical stability of the flexible GaSb photodetector was also measured and the corresponding results were depicted in Fig. 6 . Figure 6a shows the photocurrent versus time curves measured at six different bending curvatures (the corresponding optical images of the device under the five different bending states were shown in lower insets). The photocurrents were measured by illuminating the device with 600 nm light with a current density of 150 lW/cm 2 and at the bias of 1 V. From the curves, it could be seen that the photocurrent were quite stable which maintained at *4.5 nA, indicating the excellent bending stability of the flexible device. To further ensure a good mechanical stability, the device was bended repeatedly and Fig. 6b depicts the I-V curves of the device after 30, 60, 90, 120, and 150 cycles of bending. It could be observed that the photocurrent of the device was nearly unchanged, revealing that the performance of the device was hardly affected by repeated bending stress.
Conclusions
In summary, by grown single crystalline GaSb NWs using conventional CVD method, we fabricated single-GaSb- NW-based photodetectors on both rigid and flexible substrates. Both the rigid and flexible devices showed high special detectivity and fast response speed, and high responsivity over a broad spectral range from 350 to 800 nm as well as long-term stability in photoswitching. Besides, excellent electrical stability was observed for the flexible device under different bending stages and bending cycles. The excellent photoresponse of the GaSb NWs to wide range lights makes them a superb candidate to construct advanced optoelectronic devices, such as photodetectors, optical sensing as well as photo switches.
